Mg-Al-layered double hydroxides (Mg-Al LDHs) modified with aromatic anions were suspended in solutions of bisphenol A to investigate their properties as scavengers. The Mg-Al LDHs were intercalated with 2-naphthalene sulfonate (2-NS À ) and 2,6-naphthalene disulfonate (2,6-NDS 2À ) ions, which contain a naphthalene ring with one and two sulfonate (-SO 3 À ) groups in their respective structures. The changes in the concentrations of the hazardous aromatic compounds in the suspensions with time were followed. The organic-modified Mg-Al LDHs decreased the bisphenol A concentrations very rapidly, which was attributable to the association between the aromatic ring of bisphenol A and the aromatic anions intercalated in the interlayer. Mg-Al LDH with lower content of aromatic anion in the interlayer was superior to that with the higher content for the uptake of bisphenol A. This was attributed to the larger spaces to accommodate more bisphenol A in the interlayer.
Introduction
Mg-Al-layered double hydroxides (Mg-Al LDHs) have anion exchange capability. [1] [2] [3] These compounds have the general formula [Mg 1Àx 2þ Al x 3þ (OH) 2 ](A nÀ ) x=n ÁmH 2 O, where x denotes the Al/(Mg + Al) mole ratio and A nÀ is an anion with a valence of n. A Mg-Al LDH consists of a stack of Al-bearing brucite-like octahedral layers in which the positive layer charge due to the replacement of some of Mg with Al is electrically neutralized by the interlayer anions. The interlayer space is occupied by water molecules in the hydration shell of the intercalated anions. Recently, Mg-Al LDH has attracted much attention for its application to wastewater treatment. For example, the use of Mg-Al LDH for removing oxoacids, such as MoO 4 À , SeO 3 2À , SeO 4 2À , and AsO 4 3À , from aqueous solution has been investigated. [4] [5] [6] [7] Moderately calcined Mg-Al LDH can take up mineral acids and chlorides from aqueous solution in the process of the reconstruction of its original layered structure. [8] [9] [10] [11] [12] In addition, Mg-Al LDH can intercalate organic anions such as phenols, anionic surfactants, and colored organics, [13] [14] [15] [16] [17] as well as inorganic anions in the interlayer. Hence, Mg-Al LDHs modified with organic anions are expected to have various functions depending on the functional groups in the structure of the intercalated organic anions.
Our previous papers described two types of Mg-Al LDHs intercalated with organic acid anions. 18, 19) The organic acid anions of our interest have functional groups that have strong affinity to the inorganic and organic contaminants in wastewater. The ethylenediaminetetraacetate (EDTA) anion-intercalated Mg-Al LDH was found to rapidly and selectively take up heavy metal ions such as cadmium and copper ions from aqueous solution through formation of the EDTA-metal complex in the interlayer. 18) In addition, the composite of a Mg-Al LDH with a dodecylsulfate ion (DS À ) has a potential to take up bisphenol A in aqueous solution, 19) which is attributable to the hydrophobic interactions between the intercalated DS À and bisphenol A. For practical water cleaning, it is desirable that the target organic contaminant is distinguished from coexisting organic materials and is taken up preferentially over them. Generally, the aromatic ring in the molecule structure of an organic compound tends to associate with an aromatic ring in other organic molecules. 20, 21) Therefore, aromatic anion-modified Mg-Al LDHs should recognize hazardous aromatic compounds of interest and remove them from aqueous solution selectively through the association.
In this study, we have studied two types of naphthalene sulfonate ion, 2-naphthalene sulfonate (2-NS À ) and 2,6-naphthalene disulfonate (2,6-NDS 2À ) ions, as aromatic anions for the modification of Mg-Al LDHs to realize the above mentioned functions. As shown in Fig. 1(a) and (b), 2-NS À and 2,6-NDS 2À contain a naphthalene ring with one and two sulfonate (-SO 3 À ) groups in their respective structures. In our latest study, both types of Mg-Al LDHs, which have 2-NS À and 2,6-NDS 2À , respectively, in the interlayer of Mg-Al LDH, were prepared by the dropwise addition of a mixed aqueous solution of Mg(NO 3 ) 2 and Al(NO 3 ) 3 to an aqueous ethanol solution of 2-NS-Na and to an aqueous solution of 2,6-NDS-Na 2 , respectively. 22) This paper describes the uptake of the aromatic compound, bisphenol A ( Fig. 1(c) ), which is the representative endocrine disruptors, from aqueous solution using 2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH.
Experimental
All the reagents used were of chemical reagent grade (Wako Pure Chemical Industries, Osaka, Japan), and were used without further purification.
2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH with Mg/Al mole ratios of 2.9 were prepared using the co-precipitation reaction reported in our previous paper.
22 ) The effect of the 2-NS À or 2,6-NDS 2À content in the Mg-Al LDH on the uptake of bisphenol A has been examined for 2-NSÁMg-Al LDHs with 2-NS/Al mole ratios of 0.43, 0.82, and 0.96, and 2,6-NDSÁMg-Al LDHs with 2,6-NDS/Al mole ratios of 0.25, 0.36, and 0.40. CO 3 2À -intercalated Mg-Al LDH (CO 3 ÁMg-Al LDH) with a Mg/Al mole ratio of 3.0 was prepared as a reference material to demonstrate the function of the intercalated organic anions.
We added 0.1 g of 2-NSÁMg-Al LDH, 2,6-NDSÁMg-Al LDH, or CO 3 ÁMg-Al LDH to 20 mL of 100 mg/L bisphenol A solution, and shook it for the time ranging from 10 to 360 min at 20 C. The resulting suspension was filtered, and the residual bisphenol A concentration in the filtrate was determined by spectrometry at a wavelength of 275 nm, with an error of 0.1 mg/L.
In order to know preliminarily the stability of 2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH in an aqueous solution, the LDHs were shaken in an aqueous solution at 20 C for 180 min. For the LDHs with the 2-NS/Al mole ratios of 0.43 and 0.82 and with the 2,6-NDS/Al mole ratios of 0.25 and 0.40, the intercalated 2-NS À and 2,6-NDS 2À were not dissolved from the LDHs. However, about 5% of 2-NS À in the 2-NSÁMg-Al LDH was dissolved for the 2-NS/Al mole ratio of 0.96, and about 2% of 2,6-NDS 2À in the 2,6-NDSÁMg-Al LDH was dissolved for the 2,6-NDS/Al mole ratio of 0.36. A slight amounts of 2-NS À and 2,6-NDS 2À may be released into the filtrate, and may affect the determination of the concentrations of residual bisphenol A. Therefore, the bisphenol A in the filtrate was extracted in dichloromethane using solid phase extraction before the analysis in order to separate from the 2-NS À . The bisphenol A in the filtrate was also extracted in chloroform using liquid-liquid extraction to separate from the 2,6-NDS 2À . To examine the change of the structure of 2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH due to the uptake of bisphenol A, the LDHs were identified by XRD using a Rigaku RINT 2200 diffractometer with CuK radiation at 36 kV and 20 mA (scanning rate of 3 /min). The infrared spectra of the LDHs were measured with a Bio-Rad FTS-45 A spectrometer using the KBr disk method. The KBr pellets were prepared by intimately mixing the samples with KBr powder, and the content of the samples in the KBr pellets was fixed at the 0.5 mass %.
Results and Discussion
We have already characterized the 2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH by XRD and FT-IR.
22) The XRD patterns revealed that 2-NSÁMg-Al LDH had two basal spacings of approximately 1.9 and 0.9 nm, respectively, suggesting the intercalation of 2-NS À in the interlayer of Mg-Al LDH in the orientation of the naphthalene ring along a direction parallel and perpendicular to the brucite-like layers. The XRD patterns of 2,6-NDSÁMg-Al LDH presented the basal spacing of 0.9 nm, suggesting the orientation of the naphthalene ring of 2,6-NDS 2À along a direction parallel to the brucite-like layers of Mg-Al LDH. Furthermore, the broadened and weak peaks at around 7 (2) suggest the irregular arrangements of 2,6-NDS 2À in the interlayer. The FT-IR spectra of the 2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH displayed the absorption bands characteristic to 2-NSNa and 2,6-NDS-Na 2 without the detectable shift in addition to the bands from Mg-Al LDH. These observations demonstrate that the intercalated 2-NS À or 2,6-NDS 2À maintains its intrinsic molecular structure even in the interlayer of Mg-Al LDHs. In this paper, we have investigated the properties of the 2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH as scavengers for the organic contaminants having aromatic ring in the molecular structure.
The ability of 2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH to take up bisphenol A from aqueous solution was examined by suspending the samples in bisphenol A bearing solution while shaking for the desired period of time. The contents of 2-NS and 2,6-NDS in 0.1 g of 2-NSÁMg-Al LDHs and 2,6-NDSÁMg-Al LDHs used in this study are presented in Tables 1 and 2 , based on the results of element analyses. 22) The initial mole ratios of 2-NS or 2,6-NDS in the LDHs to bisphenol A in solution are also shown in the Tables. The increase of the initial mole ratio indicates the increase of the number of the naphthalene rings in the interlayer of the LDH added to bisphenol A solution. Figure 2 shows the variation in the concentration of bisphenol A with time for 2-NSÁMg-Al LDHs and for CO 3 ÁMg-Al LDH as a reference material. The concentration of the remaining bisphenol A in this figure is given in a logarithmic scale in order to present clearly the variation at very low values between 1 and 10 mg/L. For 2-NSÁMg-Al LDHs, the concentration of residual bisphenol A decreased very rapidly from 100 mg/L to a level of 10 mg/L or less in the first 30 min and after that fairly slowly decreased. In particular, for the 2-NS/Al of the lowest mole ratio of 0.43, the concentration decreased to less than 3 mg/L within 30 min. In contrast, for CO 3 ÁMg-Al LDH without chemical modification of the interlayer, only a slight decrease in the bisphenol A concentration was observed. These results demonstrate that the adsorption of bisphenol A on the LDH particles plays a minor role and that the intercalated organic entity may be largely responsible for the uptake of bisphenol A from aqueous solution. In order to examine this uptake of bisphenol A, the XRD patterns and FT-IR spectra for 2-NSÁMg-Al LDH and the bisphenol A-loaded LDH are given in Figs. 3 and 4 . For the XRD patterns of 2-NSÁMg-Al LDH before and after the uptake of bisphenol A, no detectable shifts of the diffraction peak angles for the two basal spacings of 0.9 and 1.9 nm were observed. This suggests that the uptake of bisphenol A did not cause the detectable change of the interlayer space of 2-NSÁMg-Al LDH. Considering the molecular structure of bisphenol A, 23) the maximum molecular size in the direction parallel to one benzene ring of the bisphenol A is estimated to be 0.9 nm. From the diffraction peaks corresponding to the two basal spacings in Fig. 3(a) , the interlayer spacings of 2-NSÁMg-Al LDH are roughly estimated to be approximately 0.4 and 1.4 nm, respectively, assuming the brucite-like layer thickness of 0.48 nm. 24) The interlayer spacing of 1.4 nm is larger than the estimated molecular size of bisphenol A. The comparison of these sizes may lead to an estimation that bisphenol A is probably incorporated into the openings between the perpendicular oriented-naphthalene rings of the intercalated 2-NS À in the larger interlayer. Figure 3(b) shows that the intensity of a diffraction peak corresponding to a basal spacing of 1.9 nm increased significantly. This indicates that the arrangements of the intercalated 2-NS À are intensified by the uptake of bisphenol A. This is certainly due to the association of the naphthalene rings of the 2-NS À with the benzene rings of incorporated bisphenol A. In sum, the uptake of bisphenol A from an aqueous solution is attributed to this association in the larger interlayer of 2-NSÁMg-Al LDH. Contrary, the smaller interlayer spacing, 0.4 nm, is smaller than the molecular size of bisphenol A and not enough to incorporate bisphenol A inside the interlayer. A slight increase in the peak intensity of the peak at 2 of 10 demonstrates that this interlayer contributes a little to the uptake of bisphenol A. Bisphenol A should be accommodated mainly in the larger interlayer spacing. Compared to the FT-IR spectra of 2-NSÁMg-Al LDH before and after the uptake of bisphenol A (Fig. 4) , the intensities of the absorption bands at 1000-1100 cm À1 corresponding to the C-H bending vibrations in the aromatic rings increased. This shows the uptake of bisphenol A by association of the aromatic rings of the bisphenol A and 2-NS À in the interlayer of Mg-Al LDH. Uptake of Bisphenol A from Aqueous Solution by Mg-Al-Layered Double Hydroxides Intercalated with Aromatic Anionsmay give rise the more uptake of bisphenol A, but this was not the case. The increase of initial mole ratio of 2-NS/ bisphenol A (Table 1) , i.e., the increase of the naphthalene rings in the interlayer of 2-NSÁMg-Al LDH added to bisphenol A solution, did not contribute to the increase of the bisphenol A uptake. For all 2-NS/Al mole ratios, the once decreased concentrations of bisphenol A did not increase notably with time (Fig. 2) . Although 2-NSÁMg-Al LDH may release the slight amounts of 2-NS À into the solution as described in ''Experimental'', it did not lead to the desorption of bisphenol A.
For 2,6-NDSÁMg-Al LDHs of different 2,6-NDS/Al mole ratio, the variation in the concentration of bisphenol A with time is shown in Fig. 5 . The bisphenol A concentration decreased very rapidly to a level lower than 5 mg/L within 30 min. It is revealed that 2,6-NDSÁMg-Al LDH also has the potential to take up bisphenol A from aqueous solution. Figure 6 shows the XRD patterns for 2,6-NDSÁMg-Al LDH and the bisphenol A-loaded LDH. For Fig. 6(a) , the basal spacing of 0.9 nm calculated from the XRD peak angle gives the interlayer spacing of approximately 0.4 nm. Furthermore, the broad and weak peaks at 2 around 7 indicate the larger interlayer spaces. An increase of the intensity of a diffraction peak corresponding to a basal spacing of 0.9 nm, shown in Fig. 6(b) , indicates the intensified arrangement of the intercalated 2,6-NDS 2À in a direction parallel to the host lattice. This may result from the association between the inserted benzene ring of bisphenol A and the naphthalene rings of intercalated 2,6-NDS 2À . The FT-IR spectra of 2,6-NDSÁMg-Al LDH before and after the uptake of bisphenol A (Fig. 7) present that the intensities of the absorption bands at 1000-1100 cm À1 increased similarly to the case for 2-NSÁMg-Al LDH. These observations from XRD and FT-IR spectra suggest that the intrinsic functions of naphthalene ring of 2,6-NDS 2À were maintained unchanged in the interlayer, and positively affected the uptake of bisphenol A.
For the 2,6-NDSÁMg-Al LDHs of the three different 2,6-NDS/Al mole ratios in Fig. 5 , the concentration of residual bisphenol A falls down to very low values. In 360 min, the bisphenol A concentrations decreased to below 2 mg/L. Such a low bisphenol A concentration was also reached by 2-NSÁMg-Al LDH with the 2-NS/Al mole ratio of 0.43 at 360 min, as shown in Fig. 2 . Tables 1 and 2 present that the initial mole ratios of 2-NS or 2,6-NDS to bisphenol A are close to around 10 for these four LDHs. This ratio shows that the accommodation for bisphenol A is sufficiently in excess. The residual concentration of bisphenol A was lower at lower initial mole ratio, 2-NS/bisphenol A. Consequently, Mg-Al LDH with lower content of 2-NS À or 2,6-NDS 2À in the interlayer has larger potential to take up bisphenol A from aqueous solution than that with more intercalated organic acid. The former is considered to have larger spaces to accommodate more bisphenol A in the interlayer than the latter with limited space due to the higher content of the intercalated entity.
The results of this study are compared to the case for the uptake of bisphenol A by the Mg-Al LDH modified by dodecylsulfate (DS À ) without aromatic ring in its structure (DSÁMg-Al LDH).
19) The DSÁMg-Al LDH has interlayer space of approximately 2.2 nm, which is larger than that for the LDHs investigated here. This comparison will clarify the effect of the association of aromatic rings between the bisphenol A and the intercalated 2-NS À or 2,6-NDS 2À on the uptake of the bisphenol A from aqueous solution. Table 3 Time shows the residual bisphenol A concentration at 360 min during the suspension of 0.1 g of DSÁMg-Al LDH in 20 mL of 100 mg/L bisphenol A solution at 20 C. For the initial mole ratio of DS/bisphenol A of 13.0, the bisphenol A concentration decreased a little, and was 65 mg/L. The uptake of bisphenol A by DSÁMg-Al LDH was considered to be due to hydrophobic interaction between the two organic materials. The DS/bisphenol A mole ratio of 20 is required for a decrease in the bisphenol A concentration to around 10 mg/L. At the initial mole ratios of 2-NS, 2,6-NDS, and DS to bisphenol A of approximately 10, the residual concentration of bisphenol A for 2-NSÁMg-Al LDH or 2,6-NDSÁMg-Al LDH was much lower than that for DSÁMg-Al LDH. For the initial mole ratios of around 20, the capacity of DSÁMg-Al LDH was almost similar to that of 2-NSÁMg-Al LDH. These prove that, in addition to the large interlayer space to accommodate bisphenol A, the association between the aromatic rings contributes to the uptake of bisphenol A. Taking all these results into account, it is summarized that the association of the aromatic rings plays an important role in the uptake of bisphenol A as well as the sufficient space to hold the bisphenol A molecules and the hydrophobic interaction in the interlayers of the organic-modified LDH.
Conclusions
2-NSÁMg-Al LDH and 2,6-NDSÁMg-Al LDH have the potential to take up bisphenol A from aqueous solution. This is attributable to the association between the benzene rings of the bisphenol A and the aromatic anion intercalated in the interlayer. Mg-Al LDH with lower content of aromatic anion intercalated in the interlayer has larger potential to take up bisphenol A from aqueous solution than that with higher content of the anion. The former certainly has larger spaces to accommodate more bisphenol A in the interlayer than the latter with limited space. 
